MnO 2 nanoflower is prepared by electrochemical conversion of Mn 3 O 4 obtained by heat treatment of spent zinc-carbon batteries cathode powder. The heat treated and converted powders were characterized by TGA, XRD, FTIR, FESEM and TEM techniques. XRD analyses show formation of Mn 3 O 4 and MnO 2 phases for the heat treated and converted powders, respectively. FESEM images indicate the formation of porous nanoflower structure of MnO 2, while, condensed aggregated particles are obtained for Mn 3 O 4 . The energy band gap of MnO 2 is obtained from UV-Vis spectra to be 2.4 eV. The electrochemical properties are investigated using cyclic voltammetry, galvanostatic charge-discharge and electrochemical impedance techniques using three-electrode system. The specific capacitance of MnO 2 nanoflower (309 F g
Introduction
The literature survey of supercapacitors shows that a variety of metal oxide has been employed. To improve the current supercapacitor technology, it is essential to use high-capacitance materials with new morphologies. Transition metal oxides are widely used as supercapacitor materials because of their pseudocapacitance, good capacitance retention and high rate performance [1] [2] [3] [4] [5] [6] [7] [8] [9] . Among all the metal oxides that can be used for supercapacitor, manganese oxide (MnO 2 ) has attracted great attention due to its high capacitance, environmental benignity and natural abundance [4, [10] [11] [12] . The cost is a crucial role in any preparation process, so choosing the best precursor which has lower cost is a very important factor.
Zinc-carbon (Zn-C) dry cell batteries are widely used in different household applications. These batteries are not rechargeable and are discarded when fully discharged. Spent dry cell batteries contain significant quantities of manganese that can be technically extracted and reused as well as it could be considered as costless. Recycling of these wastes would offer economic benefits through the recovery of the valuable materials, as well as the preservation of raw materials in the interest of the sustainable development. Pyrometallurgy and hydrometallurgy methods are well-known methods in metals recovery [13] . In pyrometallurgy, the metal recovered by treatment of the spent batteries at high temperature, while solvents must be used in the hydrometallurgy process.
MnO 2 has an excellent capacitive performance in the aqueous electrolytes so it is widely used as electrode material for supercapacitors applications [2, 4, [14] [15] [16] . Many methods have been reported to prepare MnO 2 , such as facile hydrothermal [16, 17] , sol-gel [18] , electrodeposition [2, 5, 14, 19, 20] as well as the electrochemical oxidization techniques [21, 22] . Although, the recovery of manganese from the spent batteries has been widely studied [23] [24] [25] , no papers report on the electrochemical conversion of Mn 3 O 4 in spent batteries into MnO 2 .
In this paper, MnO 2 is obtained from the heat treated cathode powder of spent Zn-C batteries using electrochemical conversion techniques. The heat treated and electrochemical converted powders were characterized using TGA, XRD, FTIR, FESEM and TEM techniques. The electrochemical properties were investigated using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS).
Experimental procedures and techniques
2.1. Samples preparation 2.1.1. Batteries dismantling and pre-treatment Spent cylindrical 1.5 V D-type Zn-C batteries (EVEREADY®) were collected from a collection point where people throw spent batteries and used for this study. Dismantled products such as plastic films, ferrous scraps, paper pieces and the anodic mixture were separated from the cathode black paste and it was used for further processing. The mass of the paste was about 76% of the total battery weight. The black paste was dried for 24 h at 130°C. The weight of the dried paste showed a weight loss of 19.56%. The paste was subsequently ground and sieved using a 200 µm standard sieve. The retention mass ratios of −200 µm and +200 µm were 91.58% and 8.42%, respectively. The dry powder (50 g) was washed with distilled water at 60°C (solid to liquid ratio 1:10) for 1 h. After contact time of 1 h, the solution was filtered at pH 6.8. The purpose of this washing is to remove the residue NH 4 Cl in the battery electrolyte. Washed powder was dried for 24 h at 105°C, recovered and weighted (46.3 g ) with the weight loss of 7.4%.
Electrochemical cycling test
The dried battery powder was calcined at 900°C to obtain the single phase of Mn 3 O 4 (the dried sample was coded as CP900). The prepared Mn 3 O 4 was used to make a film on Ni foam without any binder, which acted as working electrode in the electrochemical conversion cell. Mn 3 O 4 was electrochemically converted to MnO 2 by CV in 1 M Na 2 SO 4 electrolyte within a potential window of −0.1 to 0.9 V for 1000 cycles at 50 mV s 
Samples characterization
Thermal behavior of the material was investigated using a Perkin Elmer Inc Pyris I TGA analyzer thermal gravimetric analysis, USA. Phase identification purity and particle size of the materials were measured at room temperature using a Rigaku Miniflex II X-Ray Diffractometer, Japan equipped with an automatic divergent slit. Diffraction patterns were obtained using Cu-K α radiation (λ=0.15418 nm) and a graphite monochromator. The functional groups were examined using a Perkin Elmer Spectrum 100 spectrophotometer, USA over the range of 400-4000 cm −1 . Morphology of the materials was analysed using a JEOL JSM-7800 F, FESEM, USA field emission scanning electron microscope operating at 30.0 kV and a JEOL JEM2100F, TEM, USA transition electron microscopy at an accelerating voltage of 300 kV. The surface area of NF-MnO 2 was measured by NOVA 3200 surface area analyzer.
Optical measurements
The UV-Vis absorption spectra were obtained in the wavelength range from 200 to 900 nm at room temperature using a Thermo Scientific UVVis spectrophotometer, USA with a quartz cell. Measurements were made by suspending about 1 mg sample in 10 mL of absolute ethanol.
Supercapacitance measurements
The electrochemical properties were measured by three-electrode system, which consisted of the active material as working electrode, Ag/ AgCl (CH Instrument) as reference electrode and Pt wire (CH Instrument) as counter electrode. The data were collected using an electrochemical workstation (Autolab/PGSTAT M101) equipped with frequency response analyzer. CV tests were performed in the potential range between 0 and 1 V with scan rates from 5 to 100 mV s . GCD tests were performed at different current densities. Impedance data were collected from 50 kHz to 0.01 Hz, at open circuit potential (OCP) with AC amplitude of 10 mV. Mott-Schottky data were collected by testing the impedance under different applied potentials to determine the flat band potential.
Results and discussion
3.1. Structural and morphological analyses 3.1.1. Thermogravimetric analysis Fig. 1 shows the thermogravimetric analysis (TGA) and differential thermal analysis (DTA) for the dry cathode powder. TGA shows that the presence of two weight loss stages, the first is about 4%, which refers to the surface adsorbed water elimination. The second stage is about 16% and it refers to the combustion of carbon [26] and conversion of all Mn phases into Mn 3 O 4 . These two stages are accompanied with two DTA peaks at 160 and 560°C. Thus, the heat treatment temperature was chosen to be at 900°C to eliminate most of the carbon content and to obtain a single phase of Mn.
Conversion of Mn 3 O 4 into MnO 2
The electrochemical cycling conversion of Mn 3 O 4 into MnO 2 includes two processes as follows [3, 21, 22] :
(1)
Na MnO nH O yH zNa y z e Na MnO nH O
Reaction (1) represents the complex and irreversible process transformation of Mn 3 O 4 to layered MnO 2 . While, the reaction (2) is the reversible cycling of the latter material. Fig. 2 shows the electrochemical cycling (conversion) from Mn 3 O 4 (in CP900) into NF-MnO 2 in the voltage window from −0.1 to 0.9 V at 50 mV s −1 for 1000 cycles. The CV conversion was performed using three-electrode system cell which consists of working electrode (Mn 3 O 4 on Ni foam), Pt counter electrode and Ag/AgCl reference electrode immersed in 1 M Na 2 SO 4 solution. The current is increased by more than 100 times during the cycling process, which is clearly observed in 
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the CV over the entire potential range, particularly after the 500th cycle. As shown in the inset of Fig. 2 , the normalized area under the CV curve is increased with increasing cycle number until it reaches a plateau after 750 cycles, indicating the complete conversion of Mn 3 O 4 into NF-MnO 2 . This process is known as potential-dynamic activated procedure [15, 21, 22] . The electrochemical conversion process in Na 2 SO 4 results in the formation of hydrated compounds with an extremely porous surface layer, which is useful for the energy storage application. Djurfors et al. [27] [29] and found to be 71 and 58 nm, respectively. The larger size of Mn 3 O 4 is due to the presence of particles agglomeration at high treatment temperature (900°C). 3.1.5. FESEM and TEM Fig. 5 shows FESEM images for CP900 and NF-MnO 2 . One can observe, fine and agglomerated aggregates in the heat treated cathode powder of CP900 (Fig. 5(a) ), while the NF-MnO 2 shows nanoflower shape of MnO 2 nanoparticles with highly porous structure (Fig. 5(b) ). Similar morphology is obtained for electrodeposited MnO 2 in other works [2, 14] . This porous nanoflower morphology is highly preferable for electrochemical application, as the electrolyte ions could penetrate 
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Ceramics International 43 (2017) [8440] [8441] [8442] [8443] [8444] [8445] [8446] [8447] [8448] the pores and the electroactive centres could be generated. In addition, fine sheets and rod shapes of NF-MnO 2 is observed using TEM investigation as shown in Fig. 6 [17] .
3.1.6. N 2 adsorption-desorption measurement Fig. 7 shows the N 2 adsorption-desorption isotherm of NF-MnO 2 and its pores size distribution as inset. NF-MnO 2 shows a specific surface area of 42.6 m 2 g −1 and pore size ranges from 1.5 to 12 nm (two narrow peaks around < 2 and 4 nm). These mesopores play an important role in enhancing ions adsorption during the electrochemical measurements by facilitating ions diffusion in the NF-MnO 2 structure.
Optical measurements
In nanomaterials, the optical band gap strongly depends on the particles size, where the smaller particles size shows wider band gap [30] . Fig. 8(a) shows the optical absorption spectra of the NF-MnO 2 , where it exhibits a broad absorption band around 400 nm which is characteristic of the electronic transition between the valence and conduction bands consists primarily of an excitation from an O2p to Mn 3d state. Fig. 8(b) shows the relation between (αhυ) 2 vs. hυ. The absorption coefficient (α) was calculated as reported elsewhere [31] . Extrapolation of the linear portion to zero absorption coefficient gives the value of the optical energy gap. It was found to be 2.4 eV, suggesting the direct transitions which are in good agreement with the MnO 2 band structure. Fig. 9(a) shows CV curves at different scan rates for NF-MnO 2 , which exhibit rectangular-shape voltammograms even at high scan rates. The area under the curve is increased with the increasing scan rate. Fig. 9(b) compares the CV curves at 25 mV s −1 for NF-MnO 2 and CP900. One can observe that, the voltammogram of NF-MnO 2 is more rectangular and symmetrical around zero, indicates the enhanced capacitive properties and suggesting that the electrodes have high power characteristics which is an ideal supercapacitor behavior [21, 22, 32] . Fig. 10(a) shows the charge-discharge curves at different current densities for NF-MnO 2 where it shows linear curves of charging and discharging at all current densities. The linear variation of potential during charging and discharging processes is another criterion for the capacitance behavior of the material in addition to exhibiting rectangular voltammograms. Very small (neglected) iR drop is observed in the discharge curves (1% at 0.25 A g
Electrochemical properties
Cyclic voltammetry (CV) measurements
Galvanostatic charge-discharge (GCD) measurements
−1
). The inset of Fig. 10(a) shows the charge-discharge curve at 0.25 A g −1 of CP900 as compared to those for NF-MnO 2 . The curves for NF-MnO 2 show wider time indicating higher charge accumulation. Fig. 10(b) shows the specific capacitance (C s ) as a function of current density calculated from the slope of charge-discharge curves according to Eq. (3( [21] .
where, I is the discharge current, dV/dt is the slope of discharge curve and m is the mass of active materials on the working electrode. The C s for NF-MnO 2 is found to be around 6 times higher (309 F g −1 at 0.1 A g −1 ) than that of CP900 (54 F g −1 at 0.1 A g −1 ) and it decreases with increasing current density. Table 1 compares the specific capacitance value of NF-MnO 2 with those reported for MnO 2 prepared from other sources and precursors. Aqueous electrolytes tend to produce faster charge-discharge rate due to the relatively high conductivity and low viscosity of concentrated solutions. The faradaicpseudocapacitance of MnO 2 could be attributed to two mechanisms. The first one is based on the intercalation and deintercalation of cations, during reduction and oxidation, respectively. The second is based on the adsorption of cations in the electrolyte ions on the MnO 2 surface, as shown in the following equations [5, 16, 19, 32] . 
3.3.3. Stability study NF-MnO 2 displays a good long-term cycle stability as shown in Fig. 11 . At a higher current density (6 A g −1 ), only about 7% decrease of the specific capacitance is observed after 1650 charge-discharge cycles, indicating the repetitive charge-discharges does not induce noticeable degradation of the microstructure. In addition, NF-MnO 2 shows a high ratio of Coulombic efficiency of 93%. The inset of Fig. 11 shows the 1st and the 1650th cycle of NF-MnO 2 in GCD cycling test and there is no significant difference between the first and the last cycle to indicate the high electrode stability.
Electrochemical impedance spectroscopy (EIS)
To investigate the electrochemical characteristics of the electrode- .
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electrolyte interface, EIS measurements were performed. Fig. 12(a) shows Nyquist plots for CP900 and NF-MnO 2 (before and after GCD cycling stability). The obtained Nyquist plots contain a semi-circle at high frequencies, which is related to the electronic resistance within the electrode materials. The linear curve in the low-frequency region (Warburg, W) can be attributed to the diffusion controlled process in the electrolyte. The total impedance of the supercapacitor consists of electronic and ionic contributions. Where, the electronic contribution is related to the intrinsic electronic resistance of the particles and the interfacial resistances of particles-to-particles and particles-to-current collector. The ionic contribution is associated with the electrolyte resistances in the pores and the diffusion resistance of ions moving into small pores [32, 39] . The vertical line at lower frequencies represents the facile ion diffusion in the structure which indicates an ideal capacitance behavior for NF-MnO 2 . In addition, the Bode plot ( Fig. 12(b) ) shows the correlation between the phase angle and the frequency response of a system. From which it is evident that the phase angle of NF-MnO 2 is at −73°which is very near to the phase angle of the ideal capacitor (−90°) [40] . The estimated equivalent series resistance (R s ), which is a combination of ionic resistance of the electrolyte, intrinsic resistance of active materials, and contact resistance at the active material-current collector interface, was obtained from the initial non-zero intersect with the real impedance axis at the beginning of the semicircle. NF-MnO 2 shows low R s of 1.18 Ω, indicating the good conductivity of MnO 2 [21, 22] . The charge transfer resistance (R ct ) can be estimated from the diameter semicircle in the high frequency range which is associated with the surface electrode properties. R ct for NF-MnO 2 was found to be 1.63 Ω, which is lower than that reported for MnO 2 (17 Ω) [10] . The relaxation time (τ) was calculated from the frequency (f*) corresponding to the maximum of the imaginary component (-Z″) of the semi-circle in Nyquist plot using the following formula [41] :
The τ values are found to be very low (1.81 s), indicating the good electrochemical capacitance properties and fast charge-discharge characteristic response. ESR and R ct and other fitting parameters are summarized in Table 2 .
The complex model of the capacitance was studied to show the dependence of the specific capacitance on frequency. The cell capacitance can be expressed as real and imaginary parts according to the following equations [42] : 
where, C′ and C″ represent the real and imaginary parts of the cell capacitance, respectively and ω πf = 2 . Plots of C′ and C″ as functions of frequency for NF-MnO 2 are shown in Fig. 12(c, d) .
The electrochemical active surface area can be calculated from Eq. (9) [40, 43] .
where, C d is a constant value of 20 µF cm . The electrochemical active surface area is found to be higher than the specific surface area obtained by N 2 adsorption technique (BET) as the former measurement includes the ions adsorption and the redox processes while the latter only measures on the N 2 adsorption-desorption. This is consistent with other reported works [45] [46] [47] . The excellent electrochemical properties of could be associated with its high electrochemical active surface area. EIS was repeated after GCD cycling stability to confirm the electrode stability as shown in Fig. 12 . All calculated parameters after GCD stability are very close to their original values before cycling test, which indicates the highly stable behavior of NF-MnO 2 electrode (Table 2) .
EIS was repeated under different operating voltages to obtained Mott-Schottky plots of NF-MnO 2 as shown in Fig. 13(a) . The MottSchottky relation is given as [48] :
where, C SCL is the capacitance of the space charge layer, e is the charge of electron, ε o is free space permittivity (8.85×10 −14 F cm
), ε is dielectric constant (32 for MnO 2 [49] ), V is applied potential, V fb is flat-band potential, N D is donor density or donor concentration, k is Boltzmann constant and T is Kelvin temperature. Although, MottSchottky plot has a frequency-dependent slope, the extension of the linear part of the curve intersects the voltage axis at a point known as Schottky barrier or flat-band voltage. NF-MnO 2 shows positive slope (5×10 17 ) to indicate the n-type semiconductor characteristics. The flat band potential was obtained from the extrapolation of the linear fit of the Mott-Schottky plot (as shown in Fig. 13(b) ) and found to be 0.26 V. V fb of NF-MnO 2 is more positive than those obtained by other authors (0.16 V), indicating the better conductivity of NF-MnO 2 due to their small size [50] which is confirmed by XRD and UV-Vis data. In addition, it suggests that, the small size offers a higher number of crystalline planes exposed to the electrolyte. The N D was determined from the slope of Mott-Schottky plot and found to be 7.6×10 8 cm −3 .
Conclusions
MnO 2 nanoflower (NF-MnO 2 ) is successfully obtained by electrochemical cycling of heat treated zinc-carbon battery powder (CP900). The specific capacitance of NF-MnO 2 is 309 F g −1 at 0.1 A g −1 in a potential window of 0-1 V using 1 M Na 2 SO 4 electrolyte, which is around six times higher than that of heat treated battery powder (54 F g
−1
). Impedance spectrum of NF-MnO 2 shows very small resistance and high electrochemical active surface area (340 m 2 g −1 ). NFMnO 2 has high capacitance retentions of 93% over 1650 chargedischarge cycles, making it a promising electrode material for supercapacitors.
